Introduction
Thrombin generation is determined by the presence of coagulation factors, a procoagulant phospholipid surface and appropriate receptors. The most commonly known cell surface on which thrombin generation occurs is the platelet membrane. Thrombin generation on the surface of vascular smooth muscle cells (VSMCs) was first demonstrated on apoptotic cells 1 and then on non-apoptotic cells in the absence of platelets and platelet-derived microparticles. 2, 3 More recently, Campbell et al. 4 have shown that cultured VSMCs, in contrast to endothelial cells, supported robust thrombin generation leading to the formation of a stable, dense fibrin network. Finally, the initiation and propagation phases of tissue factor-induced thrombin generation on the surface of VSMCs are accelerated by low a-thrombin concentrations via protease-activated receptors 3 and 4. 5 Vascular intramural thrombin generation could contribute to the modulation of VSMC † Contributed equally to this work.
proliferation and migration 6 as well as influencing the extent of prothrombotic responses in vascular injury and atherosclerotic plaques. 7 Cyclic mechanical forces regulate many VSMC functions and enhance thrombin activity via protease-activated receptor 1. 8 We have recently shown that mechanical stretch (10%, 1 Hz) for up to 48 h increases the production and secretion of tissue factor pathway inhibitor by VSMCs in vitro, a process which requires pulsatility. 9 Thus, we suppose that mechanical cyclic stretch might also modulate the expression of coagulation proteins by VSMCs and subsequently the generation of thrombin at their surface. Integrin a v b 3 is expressed at high density on VSMCs in vivo and mediates attachment to vitronectin and to other proteins that display accessible Arg -Gly-Asp motifs. 10 Integrin a v b 3 has been implicated in the mechanosensitive proliferative response of VSMCs via activation of PI3-K/Akt 11 and in the prevention of mechanical stretch-induced apoptosis of VSMCs. 12, 13 Integrin a v b 3 may also function as a receptor for prothrombin in VSMCs. 14 thrombin generation at rest and under cyclic stretch has not been elucidated. Our objective was to examine whether cyclic mechanical stretch increases the ability of primary cultured rat VSMCs to support thrombin generation and to analyse the contribution of integrin-dependent mediation in this response. The results demonstrate, for the first time, that cyclic stretch stimulates the interaction of VSMCs with prothrombin and thereby promotes thrombin generation via a v b 3 . Moreover, we have identified b 3 -Src interaction as one of the mechanisms involved in cyclic stretch-induced a v b 3 signalling.
Methods

Cell culture and cyclic stretch
Six-week-old Wistar rats were euthanized with intraperitoneal pentobarbital 150 mg/kg. Our work conformed to the Guidelines for the Care and Use of Laboratory Animals by the National Institutes of Health procedures approved by the Animal Ethics Committee of the Institut National de la Santé et de la Recherche Médicale. VSMCs derived from the aorta of these Wistar rats were subjected to 10% cyclic stretch or 5% static stretch. Cells cultured without stretch were used as the control group. To test a v b 3 mechanotransduction, cells were pre-incubated with a cRGDPV peptide or the control cRADPV peptide (Bachem, Bubendorf, Switzerland) at 0.05 mM. To assess the role of bidirectional integrin signalling, cells were pre-incubated with a myristoylated RGT peptide (GL Biochem, Shanghai, China) or the control GRT peptide at 0.25 mM. For specific inhibition, cells were transfected for 24 h with silencing RNA (siRNA) specific for a v , a 5 , talin 1, integrin-linked kinase (ILK), or negative control (GeneCust Europe, Luxembourg). Supplementary material online, Figure S1 summarizes the effects of siRNA (Supplementary material online).
Isolation of RNA and gene expression
Quantitative real-time PCR analysis was performed with SYBR green PCR technology (Bio-Rad). Supplementary material online, Table S1 listed primer sequences (Supplementary material online).
Western blotting
Integrins a 1 , a 5 , a v , b 1 , and b 3 , a-smooth muscle actin (aSMA), smooth muscle myosin heavy chain (SM-MHC), talin, ILK, phospho-ILK(Thr173), Bcl2, CHOP-Bcl2-associated X protein (Bax), Src, phospho-Src (Tyr418), and a-tubulin were analysed by western blot (Supplementary material online).
Confocal microscopy
Cells were stained for aSMA and were then observed by fluorescence confocal microscopy (LEICA DMIRE2 HC Fluo TCS 1-B, Germany) using the 488 nm spectral line (Supplementary material online).
Annexin V/propidium iodide double-staining assay
Apoptosis was examined using the fluorescein-isothiocyanate (FITC)-labelled annexin V/propidium iodide (PI) apoptosis detection kit (Sigma). The externalization of phosphatidylserine (PS) and the permeability to PI was evaluated on a Gallios flow cytometer (Beckman Coulter) (Supplementary material online).
Vascular smooth muscle cell function
Adhesion of VSMCs to prothrombin and FITC-labelled prothrombin binding to VSMCs in suspension were measured as previously described. 10 Fluorescence was measured at 525 nm using an Emax microplate reader (Molecular Dynamics, Sunnyvale, CA, USA). Calibrated automated thrombography was performed at 378C as previously described 15 and adapted for rat VSMC surfaces. Thrombin generation curves were recorded with platelet-free plasma (PFP) and VSMCs at 1.25 × 10 5 /mL (final concentration) (Supplementary material online).
Statistical analysis
Results are given as means + SEM. Statistical comparisons between two groups were made using the Student's t-test for unpaired or paired data as appropriate. A trend ANOVA was performed to analyse dose-response curves with peptides. Significance was set at P , 0.05.
Results
Cyclic stretch increases thrombin generation at the surface of VSMCs
A typical example of the effect of cyclic stretch on the curves of thrombin generation occurring at the surface of rat VSMCs is shown in Figure 1A : a time-dependent enhancement of thrombin generation was induced by cyclic stretch with an obvious increase in the rate and maximal level of thrombin. To determine whether pulsatility plays a role in the mechanical stimulation of thrombin generation at the surface of VSMCs, cells were exposed to 5% static stretch, the mean amplitude of the 10% cyclic stretch. After 360 min, static stretch failed to modify the thrombin generation pattern, whereas cyclic stretch appeared to strongly enhance the formation of thrombin at the VSMC surface ( Figure 1B) . The increase in the amount of thrombin formed appeared in the late phase of the stretch time range, between 60 and 360 min ( Figure 1C) . No significant differences were observed in the thrombogram parameters after 30 min of cyclic stretch, whereas significant shortening of the lag time and time-to-peak as well as increases in the velocity of thrombin formation, thrombin peak, and ETP occurred after 60 min ( Table 1) .
VSMCs remain viable under stretch
To assess the ability of cyclic stretch to preserve the intracellular organization of VSMCs, we first analysed the expression of aSMA by confocal microscopy. No difference was found in the distribution of aSMA after 60 or 360 min of stretch ( Figure 2A ). Figure 2B by annexin V staining, were found in VSMCs after 60 or 360 min of stretch, suggesting the absence of stretch-induced apoptosis ( Table 2 ). An apoptotic assay for caspase-3 showed that stretch did not increase DNA fragmentation ( Figure 2C ). In addition, no increase in the ratio of Bax/Bcl2 protein levels was found, indicating the absence of activation of the mitochondrial apoptotic pathway ( Figure 2D ). These data support the hypothesis that factors other than PS are necessary for stretch-enhanced thrombin generation at the surface of activated VSMCs.
Cyclic stretch enhances integrin expression
The expression of aSMA and SM-MHC served as markers for VSMC differentiation. Transcript levels of aSMA depended on the time of cyclic stretch in a non-linear manner, with a significant increase at 30 min and 72 h, whereas the protein expression was unchanged ( Table 3 ). An increase in SM-MHC RNA expression was also initially detectable after 30 min of stretch, remained significant at 60 min, and declined thereafter, reaching baseline values at 360 min. The protein level of SM-MHC displayed a delayed expression type of pattern, with a significant increase at all time points after 360 min of cyclic stretch. We further examined the expression profile of the major VSMC integrins. There was a time-dependent increase in the transcript and protein levels of both a v and b 3 subunits in response to cyclic stretch. This response was not observed for the expression of a 1 , a 5 , and b 1 subunits ( Figure 3A-C) . To evaluate the kinetic activation of the integrin a v b 3 pathway in response to stretch, we investigated the effect of cyclic stretch on two important regulators of integrin function, talin and ILK. Cyclic stretch induced increased phosphorylation of ILK from 5 to 30 min with a bell-shaped trend ( Figure 3D-E) . The level of talin cleavage assessed by the proteolytic 190-200 kDa talin fragment, corresponding to the C-terminal rod domain of the protein, was also significantly increased within the early phase from 5 to 60 min.
Integrin
To test the involvement of the integrin a v b 3 pathway in mediating the response to mechanical stretch, we examined the effects of the integrin a v b 3 antagonist peptide (cRGDPV), talin-siRNA, and ILK-siRNA on the expression of the a v subunit. Addition of cRGDPV to the medium blocked the increase in a v protein levels at 60 and 360 min ( Figure 4A and B) . The effects of stretch on a v protein expression were also inhibited by talin siRNA, whereas ILK-siRNA failed to prevent the increase in the a v protein. These results suggest that both outside-in and inside-out pathways are responsible for the stretch-induced increase in integrin a v b 3 .
3.5 Integrin a v b 3 is implicated in the stretch-induced VSMC interaction with prothrombin and subsequent thrombin generation
We then evaluated the functional consequence of stretch-induced upregulation of integrin a v b 3 for the interaction of VSMCs with prothrombin as a ligand of integrin a v b 3 . In an adhesion assay, a timedependent increase in adhesion of VSMCs to immobilized prothrombin was induced as early as 5 min after the onset of cyclic stretch (Supplementary material online, Figure S3 ). The role of integrin a v b 3 was tested by incubating VSMCs with the cRGDPV peptide 30 min before stretch or by down-regulating integrin a v with the a v siRNA for 3 days before stretch. The stretch-induced increase in adhesion of VSMCs to prothrombin was strongly dependent on integrin a v b 3 , because it was markedly inhibited by cRGDPV and a v -siRNA ( Figure 5A ). As control experiments, we used a siRNA against the integrin a 5 subunit. Inhibition of a 5 subunit expression did not block VSMC adhesion to immobilized prothrombin. Since in the thrombin generation assay, plasma prothrombin was provided in a soluble form, we next evaluated the binding of soluble prothrombin to VSMCs. A significant increase in binding occurs only after 60 min of stretch ( Figure 5B ). We therefore hypothesized that integrin a v b 3 might serve as a binding protein for prothrombin in VSMC-supported thrombin generation, independently of stretch. To test this, the linear peptide RGD, or the a v b 3 antagonist peptide cRGDPV, was added in the thrombin generation assay without stretch. Both RGD peptides significantly reduced thrombin generation at the surface of VSMCs in a concentration-dependent manner ( Figure 5C ). siRNA affect the phosphorylation of Src after 360 min of stretch. Preincubation of VSMCs with the cRGDPV peptide dramatically inhibited the stretch-induced phosphorylation of Src ( Figure 6A and B) . Likewise, a v -siRNA and talin-siRNA, but not the control a 5 -siRNA, showed an inhibitory effect on this phosphorylation. These results led us to postulate that the stretch-induced enhancement of thrombin generation by VSMCs involves both outside-in and inside-out integrin a v b 3 signalling. A first set of experiments was designed to ascertain the involvement of integrin a v b 3 in the effects of stretch on VSMC-supported thrombin generation. Down-regulation of integrin a v with a v -siRNA significantly reduced the amount of thrombin formed in response to stretch ( Figure 6C ). The specificity of the a v b 3 -mediated regulation of thrombin generation was evidenced by the negative effect of downregulation of integrin a 5 with a 5 -siRNA. To link the Src kinase pathway with stretch-induced thrombin generation at the surface of VSMCs, cells were pre-incubated with either the cRGDPV peptide or the RGT peptide, which disrupts the interaction of Src with the b 3 subunit. Both cRGDPV and RGT peptides completely abolished the effect of cyclic stretch on VSMC-supported thrombin generation, whereas the control cRADPV and the scrambled GRT peptides did not induce any inhibition ( Figure 6C ).
Bidirectional integrin
Discussion
The present study is the first describing the effect of stretch on a particular function of VSMCs, i.e. their ability to support thrombin generation. The major findings from this study are that (1) In previous reports, the effects of cyclic stretch applied to rat VSMCs have been generally studied from 15 min to 48 h, the frequency of stretch was usually constant at 1 Hz and the elongation varied from 7 to 15%. 8, 16 The capacity of these cells to support thrombin generation has been studied in rat and human cultured VSMCs without stretch. These studies showed that the generation of thrombin is increased in quiescent cells compared with proliferating cells 1, 3 and that this process did not require the occurrence of apoptosis. 3 We found that cyclic stretch over a 6 h period did not perturb intracellular organization (assessed by aSMA staining in confocal microscopy) and did not increase apoptosis (PI and annexin V staining in flow cytometry), as previously shown. 12, 17 In addition, mRNA and protein expression analysis suggested an increased expression of smooth muscle differentiation markers (aSMA and SM-MHC) in agreement with previous studies. 13,18 -20 Therefore, our model focused on thrombin formation on the VSMC surface in response to cyclic stretch during early stretch-induced differentiation, in the absence of apoptosis. In previous studies, the thrombin peak, which represents the maximal net thrombin production when thrombin generation and decay are equally fast, was the main parameter used to examine thrombin formation on VSMCs. In our study, we calculated the area under the curve (ETP) which is a more integrative parameter of thrombin generation and inhibition. In these conditions, we found an increase in the thrombin-generating capacity of VSMCs in response to cyclic stretch, which is not related to cell apoptosis. Exposure of VSMCs to static stretch failed to induce detectable changes in the kinetic parameters of the thrombogram. This observation argues for a crucial role of pulsatility rather than stretch on the thrombin generation dynamics at the surface of VSMCs, thus extending our previous finding on the requirement for pulsatile signals to increase tissue factor pathway inhibitor synthesis and secretion by VSMCs. 9 In the present study, it is unlikely that TFPI from VSMCs limits thrombin generation since the assay was performed with VSMCs added to normal plasma. In these conditions, cell-associated TFPI is too low to reduce ETP as normal plasma provides an amount of TFPI that is about 400-fold higher. The regulation of thrombin generation has long been known to extend beyond the expression of negatively charged phospholipids on the outer of leaflet of the platelets. 21 The increase in VSMC-supported thrombin generation in the absence of surface expression of PS supports the concept that membrane binding proteins are necessary for VSMC-dependent thrombin generation. We therefore elucidated the role of integrins in mechanical stretch-induced thrombin generation, in particular the involvement of integrin a v b 3 whose expression is selectively known to be increased by acute cyclic stretch. 12, 22 Among the integrins we tested in VSMCs activated by cyclic stretch, only the expression of integrin a v b 3 significantly increased with a similar kinetic pattern to that of thrombin generation.
Since integrin a v b 3 is a receptor for prothrombin at the VSMC surface, the generation of thrombin in the absence of stretch and its enhancement by cyclic stretch are most likely mediated by this integrin. In existing models of thrombin generation, prothrombin binding to integrin receptors provides a pool of prothrombin for activation by the factor Xa/Va complex. This concept has been proposed and validated for platelets, 10, 14 but never demonstrated for Increased thrombin generation at the surface of VSMCs in response to cyclic stretch may thus result from upregulation of the expression level and/or activation of integrin a v b 3 , implying bidirectional signalling processes. Parallel temporal increases in integrin a v b 3 mRNA and protein levels suggest that the control of integrin a v b 3 expression by mechanical stress occurs both via transcriptional and translational regulatory processes. Integrin regulation by ILK is still a matter of debate. 23 Under our experimental conditions, the finding that the ILKsiRNA did not abolish the increase in integrin a v b 3 rules out a direct involvement of ILK in integrin a v b 3 expression. However, the inhibition by RGD peptides provides evidence for outside-in signalling, while inhibition by a talin-siRNA supports the conclusion that the inside-out pathway is also critically important in the stretch-induced upregulation of integrin a v b 3 . We were not able to detect activation of integrin a v b 3 since available antibodies against the activated form of integrin a v b 3 did not recognize the rat molecule. However, cleavage of the cytoskeletal protein, talin, remains the best molecular event providing indirect evidence of integrin a v b 3 activation. 24 , 25 The rapid activation of integrin a v b 3 in response to cyclic stretch was supported by the kinetics of talin cleavage and the phosphorylation of ILK which occurred as early as 5 min and culminated at 15 min of stretch. The early activation of integrin a v b 3, followed by a significant increase Vascular thrombin generation by cyclic stretch in its expression at 30 min of stretch, suggested a possible clustering of integrins in focal adhesions through talin and ILK recruitment. 26 This integrin activation resulted in an increase in binding of prothrombin, which is known as an activation-dependent ligand for integrin a v b 3 .
14
The cRGDPV peptide at a concentration of 0.05 mM inhibited thrombin generation in response to stretch but not in unstretched cells. This finding indicates that this concentration was too low to compete with prothrombin binding, which implies that the stretch effect requires cell signalling. Src kinase has long been known to play an important role in integrin signalling and the cytoplasmic tail of the b 3 subunit, which interacts with Src, is critical in integrin bidirectional signalling. Recent evidence indicates that a peptide mimicking the last R 760 GT 762 residues of the b 3 C-terminal sequence selectively inhibits platelet functions regulated by outside-in signalling by disrupting the association of Src with b 3 . 27 Because stretch-induced Src phoshorylation was inhibited by RGD peptides, a a v -siRNA and by a talin-siRNA, we hypothesize that Src may be involved in integrin a vb 3 -mediated mechanotransduction that regulates thrombin generation on VSMCs. Experiments performed with the cell-permeable myristoylated RGT demonstrated a pivotal role for Src-b 3 interaction in VSMC responses to stretch. Although a v blockade with a a v -siRNA or the cRGDPV peptide may simply reduce cell attachment and thus the sensing of the cyclic stretch stimulus, the fact that RGT inhibits the stretch effect supports the conclusion that cyclic stretch-induced thrombin generation on VSMCs involves bidirectional (outside-in and inside-out) a v b 3 signalling. One emerging concept is that changes in the VSMC phenotype in response to mechanical forces 28, 29 are involved in vascular diseases including hypertension, atherosclerosis, and age-dependent arterial stiffening, 30 in which the vascular wall is exposed to chronically elevated levels of cyclic stretch. The pathophysiological relevance of our findings may also extend to genetic diseases, such as Marfan syndrome, characterized by VSMC phenotypic modulation, mechanical failure of the aortic wall to support increased pulse pressure, 31 active thrombin within the aortic media, 32 and enhanced degradation of the classical mutated C750G fibrillin-1 by thrombin. 33 The role of integrin a v b 3 in VSMC-supported thrombin generation may impact current therapeutic approaches. However, a potential beneficial role of direct thrombin inhibitors or anti-integrin agents would be hampered by excessive bleeding. 34 In particular, the use of anti-integrin agents to block thrombin generation within the vascular wall cannot be advocated because of the increased bleeding risk due to platelet integrin blockade. Therefore, it will be important for future therapeutic strategies to target the specific function of VSMC integrin a v b 3 as a receptor for prothrombin.
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